Schizophrenia patients perform poorly on cognitive control tasks and exhibit dysfunction in anterior cingulate cortex (ACC) and dorsolateral prefrontal cortex (DLPFC) during task performance. The unaffected relatives of patients with schizophrenia also exhibit poor cognitive control task performance. However, the relationship between these behavioral deficits in relatives and the integrity of ACC and DLPFC functioning is unclear. In the present study, we used the Stroop color-naming task and event-related fMRI to examine cognitive control task performance and associated neural activity in 17 unaffected relatives of schizophrenia patients and 17 demographically matched healthy controls. On the Stroop task, unaffected relatives exhibited intact post-conflict-related performance adjustments. fMRI data revealed that unaffected relatives exhibited reduced activity in DLPFC but they exhibited intact activity in ACC. These results suggest that DLPFC dysfunction may be related to the genetic risk for schizophrenia as both patients and their unaffected relatives show reduced activity in this region. In contrast, the current results suggest that ACC dysfunction in people with schizophrenia may reflect processes specific to the illness itself.
INTRODUCTION
People with schizophrenia exhibit impaired performance on cognitive control tasks (Cohen and Servan-Schreiber, 1992) . Cognitive control refers to a set of processes involved in carrying out goal-directed behavior in the face of conflict (eg, from a highly automatic or prepotent response; Miller and Cohen, 2001; Rougier et al, 2005) . Cognitive control is supported by a distributed neural network that includes the anterior cingulate cortex (ACC) and dorsolateral prefrontal cortex (DLPFC; Cohen et al, 2000) . A broadly supported view of ACC function is that it monitors response conflict (ie the simultaneous activation of multiple responses) and that ACC conflict monitoring results in the recruitment of DLPFC to reduce conflict (Botvinick et al, 2001) . One broadly supported view of DLPFC function is that it provides a contextually appropriate or task-relevant biasing influence to posterior brain regions, thereby reducing conflict (Miller and Cohen, 2001 ). Hence, both ACC and DLPFC appear to be involved in cognitive control. In addition, previous research has found evidence of both ACC and DLPFC dysfunction in people with schizophrenia (Barch, 2006; Carter et al, 2001; MacDonald and Carter, 2003) .
The goal of the current research was to examine whether increased liability for schizophrenia was also associated with ACC and/or DLPFC dysfunction. One way to examine the nature of the genetic liability for schizophrenia is to examine schizophrenia patients' healthy, first-degree relatives (Gottesman and Gould, 2003) . One advantage to research on people with increased risk of schizophrenia is that it removes some confounds present in schizophrenia research such as medication and chronicity effects. In addition, this type of research helps to disentangle state and trait markers of the illness. The current research examined whether ACC or DLPFC dysfunction would be observed in first-degree relatives of people with schizophrenia.
A few previous studies have examined whether the unexpressed genetic liability for schizophrenia is associated with either DLPFC or ACC dysfunction while performing cognitive control tasks. Research conducted thus far has consistently found evidence of DLPFC dysfunction in the unaffected first-degree relatives of schizophrenia patients. These studies have reported both increased DLPFC activity (Callicott et al, 2003a; Thermenos et al, 2004) and decreased DLPFC activity (Keshevan et al, 2002; MacDonald et al, 2006) in relatives. Differences in the amount of DLPFC activity exhibited across studies may reflect a lack of physiological efficiency in the prefrontal cortex (eg, greater DLPFC activity at lower memory loads in relatives ; Callicott et al, 2000 Callicott et al, , 2003b . Furthermore, it has been suggested that hypo-and hyperfrontality may depend on a number of factors such as level of working memory load and working memory task parameters (eg, processes required and cognitive domain; Manoach, 2003) . fMRI task design may be another factor that contributes to the elicitation of different levels of DLPFC activity. For instance, the studies reporting hyperfrontality involved block designs. Eventrelated designs can examine neural activity associated with specific cognitive demands. One event-related study examining activity in relatives for specific cognitive control demands found decreased DLPFC activity in relatives (MacDonald et al, 2006 ). In the current study, we used an event-related design to examine whether the relatives of people with schizophrenia exhibited decreased DLPFC activity during cognitive control demands. Similar to the study conducted by MacDonald et al (2006) , the current study involved a high level of cognitive control demands.
For ACC activity, two previous studies found greater ACC activity in relatives while performing working memory tasks (Callicott et al, 2003a; Thermenos et al, 2004) . Additionally, one study found robust ACC activity in relatives and no differences in ACC activity (MacDonald et al, 2006) . In contrast, one study has found decreased ACC activity (Whalley et al, 2004) . However, none of these studies used tasks that are known to strongly involve response conflict and to strongly activate ACC and elicit ACC-related behavioral conflict adaptation effects. In the current study, participants performed the Stroop task, which involves high response conflict and strongly activates ACC in controls (both for response conflict and for errors ; Carter et al, 2000) .
MATERIALS AND METHODS

Participants
Participants were 22 unaffected first-degree relatives of schizophrenia patients (ie, 16 siblings, 5 offspring, and 1 mother) and 23 demographically matched controls (Table 1) . Diagnoses for schizophrenia probands were made using the Structural Clinical Interview for the DSM-IV (SCID; First et al, 1996) . All controls and relatives were screened for Axis I disorders and substance abuse using the SCID-NP (Spitzer et al, 1990) . The relatives were also administered the Structural Interview for DSM-III Personality Disorders (Pfohl et al, 1982) to assess for any schizophrenia-spectrum personality disorders. One relative met criteria for schizotypal personality disorder. Two controls and three relatives were removed because of problems with their functional data (eg, excessive movement). Four controls and two relatives were excluded from the analysis due to inadequate behavioral data. Specifically, of these six participants, two controls and one relative did not make enough errors (ie, less than eight errors), which was necessary for the behavioral error analysis. In addition, two controls and one relative performed close to chance (ie, error rates 460%). Therefore, all reported analyses involved 17 controls and 17 relatives.
Stroop Task
After providing informed consent, subjects performed the Stroop color-naming task during scanning. Stimuli consisted of one of three words (RED, GREEN, BLUE) printed in one of the three colors. Trials were either congruent (eg, the word 'BLUE' written in blue ink) or incongruent (eg, the word 'BLUE' written in red ink). For all trials, participants were instructed to respond to the color of the stimulus and to ignore the word. Participants responded with a button press using the index, middle, and ring fingers on their right hand and were instructed to respond both quickly and accurately. Trials consisted of a color word for 1s followed by 2s of a fixation cross ( + ). There were 3 blocks of 88 trials each. To increase conflict effects, the first and last four trials of every block were congruent, and of the remaining 80 trials within each block, 70% were congruent and 30% were incongruent . To examine the in-scanner behavioral data, we analyzed three separate behavioral effects. First, we examined the Stroop effect in both relatives and controls (ie, difference in reaction times (RTs) between incongruent and congruent trials). We also analyzed two additional behavioral effects (Botvinick et al, 2001 ): post-conflict adjustments ((iCÀcC) + (cIÀiI), ie, iC ¼ congruent trial preceded by an incongruent trial) and post-error adjustments (ie, difference in RT between trials after errors and trials after correct responses).
Imaging Acquisition and Pre-Processing
A 3.0 T General Electric scanner with a standard head coil was used to acquire all images. Three gradient echo structural scouts were used to localize the anterior and posterior commissure. A high-resolution 124-slice structural image (SPGR) was acquired as well. T2* spiral scans (3.2 mm 3 voxels, repetition time ¼ 1.5 s, echo time ¼ 18 ms, flip angle ¼ 701) acquired 28 axial slices for the majority of the participants and 26 axial slices for five of the relatives and four of the controls (difference in total slice number due to a scanner upgrade).
Incremental (scan to scan) and total movements were corrected using Automatic Image Registration (Woods et al, 1998) . No significant difference was found in movement between the controls and unaffected relatives (all p's40.28). A 30-parameter nonlinear warping algorithm was used to align each participant's SPGR image to the Montreal Neurological Institute (MNI152) single-subject high-resolution anatomical reference brain (Evans et al, 1993) . The parameter estimates from the nonlinear warping algorithm were applied to the functional T2*-weighted images to bring all participants' data into alignment with the MNI reference brain. The data were then smoothed in three dimensions using an 8 mm FWHM kernel to accommodate individual differences in brain morphology.
Imaging Statistical Analysis
Imaging data were analyzed with a random effects singlesubjects general linear model (GLM) using AFNI (Cox, 1996) and NIS software implemented within a fiswidgets desktop (Fissell et al, 2002) . For all analyses, we ran a GLM for each participant using a canonical double gamma hemodynamic response function to obtain a parameter estimate (ie, beta value) for each covariate for each participant. We then performed t-tests to examine significant activity both within groups and between groups. To correct for the multiple statistical comparison problem, the statistical significance threshold for all analyses was po0.005 and eight contiguous voxels, reducing the probability of a false positive to po0.0005 for all regions of interest found (Forman et al, 1995) . The analyses that were conducted included five covariates (incongruent, congruent, errors, no responses, and stimulus repetitions; Mayr et al, 2003) . These analyses tested all voxels and produced ROIs of ACC and DLPFC conflict-related activity. The design and method of the current study using only correct trials have been previously used successfully (Kerns et al, 2004 .
RESULTS
Behavioral Performance
In a 2 (current trial type: congruent vs incongruent) by 2 (previous trial type: congruent vs incongruent) by 2 (group: controls vs relatives) analysis of variance, there was a main effect of group (ie, unaffected relatives were overall significantly slower than controls) In the examination of trial-to-trial adjustments in task performance, there was a significant current trial type by previous trial type interaction (ie, post-conflict adjustment effect), as there was a significant post-conflict adjustment effect, po0.05. However, the current trial type by previous trial type by group interaction was not significant, F(1, 32) ¼ 0.643, po0.43, with relatives exhibiting intact post-conflict adjustments and numerically larger adjustments than controls (Cohen' 
Functional Brain Activity
As shown in Table 2 , during high conflict incongruent trials, both controls and relatives exhibited activity in many regions typically activated by cognitive control demands, including inferior frontal gyrus and inferior parietal cortex.
In addition, as shown in Table 2 as well as in Figure 1a and b, both controls and relatives exhibited significant conflictrelated activity in the ACC during high conflict trials (controls: BA 24; relatives: BA32). However, only controls exhibited significant left DLPFC activity, whereas relatives did not.
As shown in Table 3 as well as Figures 2 and 3 , the relatives exhibited significantly less activity in the left DLPFC (BA 9) compared to controls. Furthermore, the group difference was found significant at po0.005 and nine voxels, reducing the probability of a false positive to po0.0005. However, there were no significant differences between groups in ACC activity, with, if anything, the relatives exhibiting numerically but non-significantly greater activity in the ACC (Figure 3) . Similarly, during error trials, both controls and relatives exhibited significant error-related activity in the ACC, and there were no significant differences between groups (controls: BA 24/32; relatives: BA 32). There were only two other group differences found during high conflict incongruent trials. Specifically, the relatives exhibited significantly increased activity compared to controls in the left inferior parietal lobule (BA 40) and in the right inferior frontal gyrus (BA 10/47; Table 3 ).
Given that relatives exhibited both decreased and increased activity compared to controls, exploratory analyses examined whether the relationship between activities in these brain regions differed between relatives and controls. As shown in Table 4 , some of the associations between brain regions were different between relatives and controls. In an analysis comparing the size of Pearson correlations between relatives and controls, the correlation between ACC and the inferior parietal lobule was stronger for relatives than for controls at the trend level (Z ¼ 1.71, p ¼ 0.09). Furthermore, the correlations between ACC and inferior frontal gyrus (Z ¼ 1.99, po0.05) and between DLPFC and the inferior parietal lobule (Z ¼ 2.10, po0.05) were significantly stronger in relatives compared to controls. Hence, it appears that the functional relationships between these regions might be different for controls and relatives. For controls, ACC and DLPFC activities appear somewhat (but nonsignificantly) positively related. In contrast, the more control participants activated ACC and DLPFC, the less they tended to activate parietal and inferior frontal regions. In contrast, for relatives, the more they activated ACC and DLPFC, the more they also activated a parietal region.
DISCUSSION
The current study is the first to use the Stroop task to examine the neural correlates of cognitive control demands in unaffected first-degree relatives of people with schizophrenia. In this study, relatives exhibited a significant reduction in left DLPFC (BA9) during conflict trials compared to controls. Hence, the current study is the first to report decreased DLPFC activity in a large sample size of unaffected relatives using a task involving robust response conflict. In addition, not only did the relatives differ significantly from controls, but also failed to exhibit significant conflict-related DLPFC activity in this study. Overall, the current study suggests that DLPFC dysfunction occurs in first-degree relatives as well as individuals with schizophrenia.
In contrast to decreased DLPFC activity, relatives exhibited significant conflict and error-related ACC activity, and relatives did not differ from control participants in amount of ACC activity. Moreover, relatives exhibited intact post-conflict and post-error behavioral adjustments, which to our knowledge were examined for the first time in relatives in this study. Importantly, the Stroop task involves a high amount of response conflict and has been found to strongly activate the ACC in controls . Hence, if relatives of people with schizophrenia have ACC dysfunction, it would be expected to be evident on the Stroop task. However, the current study with an adequate sample size found no evidence of ACC dysfunction in relatives. Overall, the current study suggests that ACC activity may be intact in first-degree relatives.
The current results suggest that DLPFC but not ACC dysfunction may be present in first-degree relatives of schizophrenia patients. Importantly, evidence of DLPFC dysfunction in the current study cannot be easily accounted for by failure to detect brain activity in relatives. In the current study, relatives exhibited increased activity in some regions compared to controls (ie, the inferior parietal lobule and inferior frontal gyrus), which might reflect a compensatory mechanism in the face of decreased DLPFC activity (Barch, 2005) . Furthermore, for relatives, the more they activate the DLPFC, the more they activate a parietal region, but this pattern of results is not present in controls. Similarly, Tan et al (2006) found greater activation in the inferior frontal gyrus compared to the DLPFC in response to working memory load; however, in that study, a stronger correlation was found between the inferior frontal and parietal regions than between the DLPFC and parietal regions. Furthermore, the current finding of increased inferior frontal activation in relatives is consistent with research, suggesting that schizophrenia patients may use a different network in order to maintain task performance (Tan et al, 2006) . Therefore, the decrease in DLPFC activity in relatives does not seem likely due to problems detecting brain activation in relatives.
In contrast to DLPFC dysfunction, relatives in this study did not exhibit ACC dysfunction. This suggests that ACC dysfunction may not be associated with the genetic liability for schizophrenia, but instead may be a consequence of the disorder. Therefore, ACC dysfunction could potentially be used as an illness marker and to help identify high-risk patients whose illness will likely convert to schizophrenia (Snitz et al, 2005) . One issue for future research is to examine whether failure to detect decreased ACC activity in relatives could be due to PFC dysfunction in relatives. For example, PFC context processing is thought to increase processing of task-relevant stimuli, thereby reducing conflict. Therefore, if controls exhibited as little DLPFC activity as relatives, perhaps then controls would exhibit greater ACC activity than relatives. However, decreased ACC activity has been found in people with schizophrenia even when they fail to activate the DLPFC Snitz et al, 2005) . Therefore, it does not seem likely that failure to detect ACC dysfunction was due to PFC dysfunction in relatives.
The results of the present study are generally consistent with previous functional imaging research on people with schizophrenia and their relatives. For example, similar to the current study, previous studies examining schizophrenia patients have found decreased DLPFC activity (eg, MacDonald and Carter, 2003; Snitz et al, 2005) . In addition, in a previous study involving the Stroop task, people with schizophrenia did not significantly activate the DLPFC (although with a small sample size, patients did not differ significantly from controls at a conservative threshold; Kerns et al, 2005) . Furthermore, previous studies with relatives of people with schizophrenia have found evidence of PFC dysfunction (Callicott et al, 2003a; Thermenos et al, 2004) . Moreover, consistent with the results of the current event-related study, one other recent event-related imaging study found evidence of reduced left DLPFC activity in relatives (MacDonald et al, 2006) . Hence, it appears that when preparing a response to specific cognitive control demands that relatives exhibit decreased DLPFC activity.
In addition, the finding of intact ACC activity in the current study is consistent with some previous research with relatives of people with schizophrenia (Callicott et al, 2003a; Thermenos et al, 2004) . However, one previous study has reported reduced ACC activity in relatives (Whalley et al, 2004) . However, one problem in interpreting ACC activity in these previous studies is that they involved tasks that do not necessarily strongly activate the ACC. In contrast, the current study involved a task that is known to activate the ACC in control participants , finding intact ACC activity in relatives.
Given evidence of DLPFC dysfunction both in people with schizophrenia and in their first-degree relatives, the current results suggest that DLPFC activity but not ACC activity may be impaired in relatives of individuals with schizophrenia. One issue for future research is to continue to examine possible specific genes that might be associated with DLPFC dysfunction in relatives of people with schizophrenia (Goldberg and Weinberger, 2004) . Another issue for future research is to examine whether specific features of schizophrenia might be associated with DLPFC dysfunction in relatives of patients. For example, there is evidence that relatives of people with schizophrenia exhibit increased levels of disorganized speech (Docherty et al, 2004) . Given that DLPFC dysfunction is associated with disorganization symptoms in people with schizophrenia , it is possible that disorganization symptoms in relatives of people with schizophrenia might reflect DLPFC dysfunction (eg, Kerns, 2006) .
